Abstract. We previously reported the effectiveness of the product of tumor number and size (NxS factor) for the prognosis of hepatocellular carcinoma (HCC) in patients following hepatectomy. The present study aimed to propose a new score based on the NxS factor to predict HCC recurrence following hepatectomy. A total of 406 patients who underwent hepatectomy for HCC at Osaka University Graduate School of Medicine were retrospectively analyzed to develop the new score. Among clinicopathological factors, including the NxS factor, the marker subset that achieved the best performance for prediction of early recurrence was assessed, and a prognostic model for HCC recurrence after curative hepatectomy (REACH) was developed. As the validation set, 425 patients who underwent hepatectomy for HCC at Yamaguchi University Graduate School of Medicine and Shimonoseki Medical Center were analyzed, and the prognostic ability of the REACH score was compared with that of well-known staging systems. Following analysis, the REACH score was constructed using six covariates (NxS factor, microscopic hepatic vein invasion, differentiation, serum albumin, platelet count and indocyanine green retention rate at 15 min). In the validation set, the REACH score predicted early recurrence in 73 of 81 samples, with a sensitivity of 89% and a specificity of 58%. The area under the curve (AUC) of the receiver operating characteristic curve of the REACH score was 0.78 and 0.74, respectively, for 1-and 2-year recurrence after hepatectomy; each AUC was higher than that of any of the other staging systems. Survival analysis indicated the REACH score had the best predictive value in disease-free and overall survival. The present findings demonstrated that the REACH score may be used to classify patients with HCC into high-and low-risk of recurrence, and to predict subsequent survival following hepatic resection.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide, with the prognosis highly dependent on tumor extension and liver function (1) .
Although resection provides one of the best chances for a cure in patients with HCC, the majority of patients with HCC who undergo complete tumor resection subsequently develop tumor recurrence. Therefore, HCC continues to be a major cause of death (2, 3) . Because of the high recurrence rate and poor prognosis, prognostic assessment and selection of treatment strategy in HCC patients are quite important. With the emergence of effective systemic chemotherapies (4) and antiviral agents (5), a precise predictive system for HCC patients is required. It has been generally known that early recurrence of HCC is the major risk factor affecting survival after hepatic resection. The identification of patients at high or low risk for recurrence after curative hepatectomy would help determine additional therapeutic and management strategies in clinical practice. During the last two decades, several prognostic staging systems based on clinicopathological data have been proposed for HCC, such as the Japan Integrated Staging (JIS) score (6, 7) , the modified JIS score (8, 9) , the Cancer of the Liver Italian Program (CLIP) score (10, 11) , the Tokyo Score (12) , and the Barcelona Clinic Liver Cancer (BCLC) staging system (13, 14) . Although these scoring systems serve to classify patients into various groups with varying outcomes, they were not developed for use in predicting recurrence after surgical resection. Thus, we believe there is a need for an accurate model based on clinicopathological data for predicting the probability of HCC recurrence after curative liver resection.
It has been generally confirmed that certain clinicopathological data including tumor multiplicity, large tumor size and vascular invasion are poor prognostic indicators and risk factors for early recurrence of HCC (15) (16) (17) (18) (19) . Previously, we reported that the mathematical product of tumor number and size of largest tumor (NxS factor) could be a comprehensive measure of tumor burden to predict the prognosis of HCC patients who underwent liver resection, especially for predicting disease-free survival (20, 21) . The aim of the present study was to develop a simple and practical model to discriminate early recurrence risk based on the NxS factor in conjunction with particular pathological findings or cirrhosis-associated parameters. The present study also compared the predictive accuracy between the NxS factor-based staging system and the currently used staging systems (JIS, modified JIS, CLIP, Tokyo score, BCLC) to determine the most appropriate prognostic model for HCC recurrence.
Materials and methods
Patients. The subjects selected for training analysis were the patients who underwent hepatectomy for HCC at the Department of Gastroenterological Surgery, Osaka University Graduate School of Medicine. Between May 1992 and December 2008, a total of 578 patients with HCC underwent hepatectomy. The diagnoses of HCC were all confirmed pathologically. We defined curative hepatectomy as complete resection of all tumor nodules without involving any major branch of the portal or hepatic veins. Patients were excluded from the analysis if they met any of the following criteria: volume reduction surgery, hepatectomy with intraoperative ablation therapy, HCC with major branch of portal or hepatic vein thrombosis, death within 30 days after surgery, death from other disease, and insufficient clinical data. Finally, 406 patients were enrolled in the study as the training set. All patients were followed up after hepatectomy until death or the date of the last follow-up visit, and survival was censored in December 2012.
The subjects selected for validation analysis were 357 patients who underwent curative hepatectomy for HCC at the Department of Gastroenterological, Breast and Endocrine Surgery, Yamaguchi University Graduate School of Medicine from January 1985 to December 2012, and 68 patients who underwent curative hepatectomy for HCC at Shimonoseki Medical Center between March 2007 and December 2012. Inclusion and exclusion criterion for participation in the study were the same as for the training set. All patients were followed up after hepatectomy until death or the date of the last follow-up visit, and survival was censored in December 2015.
Data on tumor factors such as maximum size of the main tumor, number of tumors, differentiation, and microvascular invasion were based on the final pathological findings of the resected liver. Laboratory data, including serum bilirubin, albumin, prothrombin activity, platelet count, indocyanine green retention rate at 15 min (ICG-R15), hepatitis B surface antigen, anti-hepatitis C antibody, and α-fetoprotein (AFP) were obtained before operation. The Child-Pugh classification (22) , the degree of liver damage classification by the Liver Cancer Study Group of Japan (LCSGJ) (23) , TNM staging system (LCSGJ), TNM staging system (Union for International Cancer Control, UICC), JIS score, modified JIS score, CLIP score, Tokyo score and BCLC staging system were evaluated using these variables.
The collected data were statistically analyzed and assessed at Yamaguchi University. Each institution obtained institutional review board approval.
Methods. The novel predictive system with predictive markers and optimal cut-off point was established using the training set. The score point (SP) of each marker was decided in advance. The total score point (TSP) was defined as the summation of the SP for each predictive marker used. If the TSP was less than or equal to the previously defined cut-off point, the patient was classified into the low risk group for early recurrence. Otherwise, the patient was classified into the high risk group for early recurrence. To predict the probability of early HCC recurrence at one year after hepatectomy, we found the subset of predictive markers and the optimal cut-off point that maximized the sensitivity under the constrained conditions of a specificity ≧50%. Finally, we determined an optimal predictive model using the subset of selected predictive markers and the optimal cut-off point.
Algorithm for selection of the predictive markers and the optimal cut-off point. M represents the number of candidate markers. The marker selection problem is to select a predictive marker subset of size d from the marker set of M candidate markers. The initial value of d was set as three.
Step 1. For a marker subset of size d, the sensitivity and specificity were calculated throughout all expected cut-off points of the TSP. For the marker subset of size d, the optimal cut off point of the TSP, which had the highest sensitivity with the specificity ≧50% was found. Note that any marker subset of size d with the specificity <50% was omitted.
Step 2. For all possible maker subsets of size d, Step 1 was repeated.
Step 3. The marker subset, which maximized the sensitivity, was selected from maker subsets of size d with the optimal cut off point of the TSP. Step 4. We incremented the previous number d by 1 (d←d+1) . When d<M, we repeated from Step 1 to Step 3. When d=M, we stopped the maker selection and obtained the M-3 marker subsets with optimal cut-off point.
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Step 5. Finally, we determined the best maker subset which had the highest sensitivity with smaller number of markers among the M-3 marker subsets obtained.
Statistical analysis.
We used the Chi-square test, Fisher's exact test, and Student's t-test to assess differences in two or three categorical variables. To evaluate the prognostic ability for 1-year recurrence, the area under the receiver operating characteristic (ROC) curve (AUC) for each staging system was calculated. Disease-free survival (DFS) and overall survival (OS) curves were plotted with the Kaplan-Meier method, and differences in DFS and OS between the groups were compared by using a log-rank test in univariate analysis. Staging systems for HCC were tested by univariate and multivariate Cox analyses in both DFS and OS. Statistical analysis was performed using JMP version 9.0 (SAS Institute Japan, Tokyo, Japan).
Results
Development of a novel predictive system. The baseline characteristics of the 406-member training set and 425-member validation set are shown in Table I . There were significant differences between the training and validation sets regarding serum bilirubin, albumin, prothrombin time, degree of liver damage, Child-Pugh classification, macroscopic portal vein invasion, macroscopic hepatic vein invasion, microscopic hepatic vein invasion, differentiation, and operation method (anatomical resection or not) (P<0.05).
It was considered that the main prognostic factors for HCC patients after hepatectomy were the TNM stage, vascular invasion, the number of tumors, histological differentiation and liver function (2, 24) . Thus, we chose nine candidates including NxS factor which constituted aforementioned factors. Univariate analysis of the nine candidate markers in the training set are shown in Table II . There were significant differences between the early recurrence group and no recurrence group regarding the product of tumor number and size (NxS), microscopic portal vein invasion and differentiation (well-and moderately-differentiated HCC vs. poorly-differentiated HCC). These variables had the following effects in determining the final score. Table II shows the SP of each candidate marker equivalent to the marker's weight. For the NxS factor, zero points were assigned for NxS <4, two points for NxS of 4 to 9, and three points for NxS >9. For microscopic portal vein invasion, zero points were assigned for a portal vein invasion of negative, and two points for a portal vein invasion of positive. For microscopic hepatic vein invasion, zero points were assigned for a hepatic vein invasion of negative, and one point for a hepatic vein invasion of positive. For differentiation, zero points were assigned for well-or moderately-differentiated HCC, and one point for poorly-differentiated HCC. For other liver function data, zero points were assigned for good liver function level (bilirubin <1, albumin >3.5, prothrombin time ≥80, ICG-R15 <15, and platelet count ≥10), and one point for poor liver function (bilirubin ≥1, albumin ≤3.5, prothrombin time <80, ICG-R15 ≥15 and platelet count <10).
The novel predictive system was established using predictive markers selected from the aforementioned candidate markers in the training set. The appropriate models and their optimal cut-off points for definition of early recurrence of each number of selected markers (d) are shown in Table III . Finally, the six main prognostic factors (NxS factor, microscopic portal vein invasion, differentiation, albumin, ICG-R15 and platelet count) were selected because the model using these six factors had the highest sensitivity (0.79) and accuracy (0.62) with the smallest number of markers (Table III) , and a novel predictive model for HCC recurrence after curative hepatectomy (REACH) score was established (Table IV) .
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Comparison of predictive ability of staging systems. In the validation set, the REACH score predicted early recurrence at 1 year after hepatectomy in 73 of 82 samples and had a sensitivity of 89% and a specificity of 58%. The REACH score had a higher sensitivity value with more than 50% specificity, and the highest Youden's index for recurrence within 1 year after hepatectomy than any cut-off points of the five clinical staging systems (JIS, modified JIS, Tokyo score, CLIP, and BCLC) ( Table V) . The AUCs of the ROCs of the REACH scores for 1-and 2-year recurrence after hepatectomy were 0.78 and 0.74, respectively, and both of them were higher than those of any of the other staging systems. The Kaplan-Meier method estimated the DFS curves and OS curves according to the REACH score, JIS score, modified JIS score, Tokyo score, CLIP score, and BCLC staging system; these are shown in Figs. 1 and 2 , respectively. In all scoring systems, there were significant differences (P<0.05) in both the DFS and OS between the high-and low-risk groups. 
Discussion
The major finding of the present study was that early recurrence in patients who have undergone curative hepatectomy for HCC can be predicted accurately using our novel scoring system based on the mathematical product of the tumor number and size of the largest tumor. We previously reported that the NxS factor was a useful tumor factor to predict HCC recurrence after curative hepatectomy (20, 21) . The optimal cut-off values of the NxS factor were determined to be 4 and 9 in reference to the Milan criteria (single tumor ≤5 cm in size or ≤3 tumors each ≤3 cm in size); (25) and multivariate analysis (Cox proportional hazards model) for DFS revealed that the NxS factor was an independent predictor in HCC patients who underwent curative hepatectomy (20) . Although both tumor number and size of the largest tumor are also used as the main parameters of the TNM staging system (1,26), we reported that the score based on the NxS factor better predicted the prognosis of HCC patients than the TNM and TNM-based systems such as the JIS score and modified JIS score. Since we had already successfully transformed the factors of tumor number and largest tumor size into one single parameter, we decided to integrate the NxS factor into the novel score for prediction of HCC recurrence. The current study succeeded in developing a prognostic model based on the NxS factor, and showed that the REACH score was more predictive of early HCC recurrence than the known predictive systems of the JIS, modified JIS, Tokyo score, CLIP and BCLC staging system. To provide more personalized therapeutic options for patients at high risk for early recurrence and to avoid unnecessary overtreatment for patients who have been cured by surgery alone, early recurrence or non-recurrence should be accurately predicted. Some well-known scoring systems for the estimation of prognostic outcomes in HCC such as the JIS, CLIP and BCLC have been developed to classify patients into various groups for risk stratification, and have been correlated with overall survival. However, these systems were not developed and validated for use in the prediction of early recurrence or after surgical resection. We previously reported that the predictive staging system based on the NxS factor has been developed to classify patients into 4 groups for risk stratification for disease free survival (20) . Furthermore, in the current study, we successfully integrated the NxS factor into the REACH score to classify patients between high vs. low risk of recurrence following hepatic resection. Additionally, there is still no well-known predictive system based only on clinicopathological data for early recurrence. Although some nomogram-based systems using clinicopathological data have been proposed for predicting HCC recurrence (27) (28) (29) (30) , their accuracy has been limited by the precision of physical markings. Therefore, these prediction systems have not been externally validated and have not been widely used. We believed that an accurate model for predicting HCC recurrence after curative liver resection would help determine whether closer postoperative surveillance is needed, and additional therapeutic strategies such as salvage liver transplantations for recurrent HCC (31) could be applicable. In recent years, molecular research has identified various biomarkers as predictive markers for HCC metastatic recurrence and clinical outcomes; and some molecular-based prognostic models have been developed (32) (33) (34) (35) (36) . Kurokawa et al (34) reported a prediction model for HCC recurrence using a small-scale PCR-array system. Iizuka et al (32, 33) showed a correlation between gene expression and early (within 1 year) post-hepatectomy intrahepatic recurrence using a predictive system Table III . The best combination of the candidate markers in the training set. Candidate markers  3  4  5  6   a   7  8 The NxS factor consisting of 12 genes. Yoshioka et al (36) also reported a molecular-based diagnosis system for HCC recurrence using 172 informative genes. More recently, Srivastava et al (35) reported a morpho-molecular prognostic model based on the expression of selected proteins (p53, CD44, CD31, and AFP) and clinicopathological parameters, which could be used to classify HCC patients according to good vs. poor prognosis and high vs. low risk of recurrence following hepatic resection. Table V . Probability of early recurrence according to the REACH score and known staging systems. Although these scoring systems have offered the possibility of high predictive ability for early recurrence, analysis of these genes in routine clinical practice is uncommon. The present study successfully demonstrated a new score based only on clinicopathological data, including the NxS factor, and provides a precise prediction of recurrence for patients who have undergone curative hepatectomy. Moreover, such a system can help determine optimal therapeutic and management strategies in daily practice, and act as the standard for comparison between molecular-based systems. HCC recurrence derives from both residual intrahepatic metastasis (IM) and multicentric carcinogenesis (MC). Most late recurrence is considered to be MC, because MC depends not on the malignant potential of the resected HCC, but rather, on the degree of hepatitis or cirrhosis of the remnant liver (37) (38) (39) (40) . In contrast, it seems that IM is likely responsible for the majority of early recurrence within the first two postoperative years, because IM denotes the existence of non-visible intrahepatic metastasis at primary surgery (39, 40) . Although the REACH score was developed to predict 1-year recurrence after surgery to increase the power of sensitivity for early recurrence in the training set, we were able to show that the AUC values of the REACH score for both 1 and 2-year recurrence were higher than in any of the other systems used to analyze the validation set. Thus, the REACH score can be applicable to recurrence within two postoperative years, and can effectively detect residual metastasis.
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For practical purposes, staging systems should be simple and based on data that are easily obtainable (12) . One feature of the REACH score is that it consists of simple parameters (i.e., NxS factor, microscopic portal vein invasion, differentiation, albumin, ICG-R15 and platelet count) divided into two or three categories according to the predictive value of the HCC prognosis system. We examined only parameters that are easily obtainable, and we avoided criteria that are not generally available in daily practice. We also succeeded in creating an algorithm to develop the new simple prognostic scoring system, which consists of the best combination of the integer values assigned to each factor. We believe that the simplicity of a model is preferable for the sake of general versatility. Moreover, known prognostic scores have often been established by the selected factors that showed statistical significance (P<0.05) as predictors (10-12), however, our comprehensive method of developing a new prognostic score could provide the prognostic combination of simple factors having clinical importance regardless of the level of statistical significance.
The present study had several limitations. First, we could find no existing well-known predictive systems based only on clinicopathological data for early recurrence as an appropriate model to compare with the REACH score. Thus, in the current study, we selected well-known clinical predictive systems for HCC prognosis to compare methods for assessing the REACH score. However, those other systems were originally developed to classify patients into various groups for risk stratification, not to classify patients between high vs. low risk of recurrence following hepatic resection. Second, the REACH score integrates the ICG-R15 test. Although ICG-R15 is an easily obtainable value which has been used routinely in the field of surgery in Japan and several Asian countries as a useful marker of hepatic function (41) (42) (43) , and is also reported as a significant prognostic factor in HCC patients (44, 45) , it is not routinely assessed worldwide. Thus, other classifications based on the well-known parameters such as the Child-Pugh classification (22) or albumin-bilirubin (ALBI) grade (46) may become alternative values of liver function in the prognostic score for the patients outside of Japan. Third, there is no standard of care for adjuvant therapy for HCC patients who underwent hepatectomy, thus, the REACH score may not provide valuable information to aid in the decision making regarding the application of adjuvant therapy at the current moment. However, the prognostic score based on the data of patients who did not receive effective adjuvant therapy will be valuable and act as the standard when the effective adjuvant therapies to prevent early HCC recurrence are developed, and we expect that the REACH score will help us better decide which patients need adjuvant therapy and which patients do not in the future. The fourth and fifth limitations of the present study were its retrospective nature, and the fact that it was based on only a Japanese population. Whether this score is applicable to other patient cohorts with different etiologic factors is unknown. External validation in other countries will be required. The current study demonstrated the clinical benefits of the REACH score for evaluating the recurrence of HCC in patients who have undergone surgical resection. From the standpoint of everyday clinical use, a predictive system must enable the accurate detection of patient risk for early recurrence. In addition, the system should be simple and should use data that is easily obtained in daily practice. The REACH score, based on the NxS factor and clinicopathological parameters, can be used to classify HCC patients into high and low risk of recurrence following hepatic resection.
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